Preterm premature rupture of membranes (PROM) is the leading identifiable predisposing factor for preterm birth. Although maternal exposure to air pollution can potentially have an impact on preterm PROM, there is no available evidence on such an impact. In this study, based on 5,555 singleton births occurring in Barcelona, Spain (2002 -2005 , we investigated the associations of maternal exposure to nitrogen dioxide, nitrogen oxides, and particulate matter with aerodynamic diameters of ≤2.5 µm (PM 2.5 ), 2.5 µm-10 µm, and ≤10 µm and PM 2.5 light absorption with preterm PROM and gestational age at the rupture of membranes (ROM). We utilized temporally adjusted land-use regression models to predict pollutant levels at each subject's home address during each week of her pregnancy. We conducted matched (according to the length of exposure) case-control analyses to estimate the preterm PROM risk associated with 1 interquartile-range increase in exposure levels during the entire pregnancy and during the last 3 months prior to ROM. We found an increase in preterm PROM risk of up to 50% (95% confidence interval: 4, 116) and a 1.3-day (95% confidence interval: −1.9, −0.6) reduction in gestational age at ROM associated with PM 2.5 absorbance, nitrogen dioxide exposure, and nitrogen oxide exposure during the entire pregnancy and the last 3 months prior to ROM. air pollution; land-use regression; maternal exposure; nitrogen oxides; particulate matter; pregnancy; premature rupture of membranes; preterm birth Abbreviations: CI, confidence interval; IQR, interquartile range; LUR, land-use regression; MEDEA, Mortalidad en áreas pequeñas Españolas y Desigualdades Socioeconómicas y Ambientales; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 µm; PM 2.5-10 , particulate matter with aerodynamic diameters between 2.5 µm and 10 µm; PM 10 , particulate matter with an aerodynamic diameter less than or equal to 10 µm; PROM, premature rupture of membranes; ROM, rupture of membranes.
Spontaneous rupture of membranes (ROM) surrounding the fetal amniotic cavity normally occurs at the beginning of labor or during labor. ROM that occurs before the onset of labor is defined as premature rupture of membranes (PROM) (1) (2) (3) . PROM that occurs before week 37 of pregnancy is considered preterm PROM and occurs in 1%-3% of pregnancies (1) (2) (3) . Preterm PROM is the leading identifiable predisposing factor for preterm birth, as it is responsible for one-third of preterm births (1) (2) (3) . It is also associated with life-threatening complications in mothers (e.g., sepsis) and is a major cause of perinatal morbidity and mortality, since it is associated with perinatal infections, respiratory distress syndrome, chorioamnionitis, umbilical cord compression, placenta abruptio, necrotizing enterocolitis, and intraventricular hemorrhage (1) (2) (3) (4) (5) . Furthermore, preterm PROM has been linked to adverse long-term impacts like neurodevelopmental problems later in life (6) .
Maternal exposure to air pollution has been shown to be associated with a range of adverse pregnancy outcomes, including preterm birth (7) . The underlying mechanism(s) of the impact of maternal air pollution exposure on pregnancy outcomes is not well-understood; however, oxidative stress and cell apoptosis have been suggested to be involved (8, 9) . Through these mechanisms, air pollution can also possibly have an impact on preterm PROM (3, 10, 11) . Recently, a Japanese study associated residential proximity to major roads with a higher risk of preterm birth with preterm PROM (12) . However, to our knowledge, there is no available epidemiologic study reporting on the possible link between exposure to air pollution and preterm PROM.
Our overarching aim in this study was to investigate the association, if any, between preterm PROM and maternal exposure to ambient air pollutants, including nitrogen dioxide, nitrogen oxides, particulate matter with aerodynamic diameters of ≤2.5 µm (PM 2.5 ) and ≤10 µm (PM 10 ) and between 2.5 µm and 10 µm (PM 2.5-10 ; i.e., coarse particulate matter), and PM 2.5 light absorption (hereafter referred to as PM 2.5 absorbance), a proxy for elemental carbon. We further investigated the impact of these exposures on gestational age at ROM.
MATERIALS AND METHODS

Study population
This study was based on all 5,555 singleton births with spontaneous onset of labor that took place in the obstetrics department at the Hospital Clinic of Barcelona (Barcelona, Spain) to Barcelona residents between January 2002 and June 2005. The Hospital Clinic of Barcelona is a major university hospital covering Barcelona City, with a catchment area of approximately 1 million inhabitants (13) . In Spain, pregnant women are advised to have their first hospital visit (booking time) at the end of the first trimester (i.e., week 12), which is the starting point for the hospital records. The median gestational age at booking time for our study sample was 11.5 weeks (interquartile range (IQR), 1.3 (i.e., 10.2-12.8 weeks)). The hospital records detailed a wide range of data on maternal and fetal characteristics, together with clinical data on pregnancy and delivery, including the date of ROM (13) . The date and time of ROM were established by anamnesis and physical examination. Vaginal speculum examination was done in all cases, and a diagnosis of ROM was confirmed when there was either 1) overt leakage of fluid from the cervical os or 2) pooling of clear fluid in the posterior fornix of the vagina with an alkaline pH. Gestational age was objectively determined for all registered births based on crown-rump length measurements (14) from a routine ultrasound examination, usually performed during gestational weeks 11-13, or on biparietal diameter measurements made during weeks 13-22 (15) .
Barcelona is a port city in the northeastern part of the Iberian Peninsula. Air pollution concentrations in Barcelona are among the highest in Europe. The high level of air pollution in Barcelona has been partly attributed to high traffic density, a large proportion (approximately 50%) of diesel-powered vehicles, relatively low precipitation, high population density (approximately 16,000 persons per km 2 ), and the city's urban design, which is characterized by semi-tall buildings (5-6 stories) and narrow streets, reducing the dispersion of pollutants (16, 17) .
Exposure assessment
Our exposure assessment was based on the land-use regression (LUR) modeling approach developed in the European Study of Cohorts for Air Pollution Effects (ESCAPE) (18) (19) (20) (21) . By temporally adjusting the LUR spatial estimates, we were able to predict ambient pollutant levels at the geocoded home address of each study subject for each week of her pregnancy. The home addresses of the study subjects at the time of delivery were geocoded according to the exact address, including the postal code, street name, and house number. Further details on the exposure assessment methodology and the characteristics of LUR models are provided in the Web Appendix and Web Table 1 (available at http://aje. oxfordjournals.org/).
For each subject, we assessed exposure to each pollutant by averaging weekly levels of that pollutant at her home address during the period between the beginning of her pregnancy and the date of ROM (hereafter referred to as entirepregnancy exposure).
Main analyses
By definition, gestational age at ROM in pregnancies with preterm PROM was expected to be lower than that in pregnancies without preterm PROM. This could result in a difference in the length of exposure between subjects with and without preterm PROM, with those subjects with preterm PROM having a shorter length of exposure during the entire pregnancy. The difference in the length of exposure between cases and controls has been suggested to be a possible source of bias in studies of the impacts of time-varying environmental factors on pregnancy outcomes (22, 23) . For example, Lewis et al. (22) demonstrated how, in a study of the association between water disinfection by-products and preterm birth (gestational age at delivery <37 weeks), the shorter length of exposure in cases ( preterm births) as compared with controls (term births) could result in biased estimation of risk. Based on the recommendations of Lewis et al. (22) and O'Neill et al. (23) , we used a matched case-control design by randomly selecting (without replacement) 5 controls (i.e., subjects without preterm PROM) for each case (with preterm PROM) and matching them according to exposure length, in that exposure for the controls was truncated at the gestational age at which ROM occurred for the case to which they were matched (e.g., if ROM occurred on the 250th day of pregnancy for a case, then for the 5 controls matched to this case, exposure was truncated at the 250th day of pregnancy) (22, 23) . For each pollutant, we developed a separate conditional logistic regression model to estimate the risk of preterm PROM associated with a 1-IQR increase in exposure to that pollutant.
The analyses included adjustment for a number of covariates identified a priori: neighborhood socioeconomic status (quartiles of MEDEA (Mortalidad en áreas pequeñas Españolas y Desigualdades Socioeconómicas y Ambientales) index) (24) , race/ethnicity (white/nonwhite), educational level (none or primary/secondary/university), age (years), history of preterm birth (yes/no), smoking during pregnancy (yes/ no), alcohol consumption during pregnancy (yes/no), history of obstetrical-gynecological pathology (including vaginal bleeding during pregnancy, congenital uterine malformations, and/or uterine myoma), body mass index (weight (kg)/height (m)
2 ) at booking time, diabetes (yes/no), parity (0/≥1), amniocentesis (yes/no), season of conception (spring/ summer or autumn/winter), and year of conception (2, 5) . The MEDEA index measures deprivation at the census-tract level (2001 Spanish census) based on 5 domains, including percentages of manual workers, temporary workers, people with a low educational level (overall), young people with a low educational level, and unemployed persons (24) . In the 2001 Spanish census, there were 1,491 census tracts across the city of Barcelona, with a median area of 0.02 km 2 and a population of 992.
Although outcome and exposure data were available for all subjects, there were 90 subjects (out of 414 subjects included in matched case-control analysis) with 1 or more missing values for the covariates (mostly maternal body mass index and education) for which the analyses were adjusted (Table 1) . To impute the missing data, we conducted multiple imputation by chained equations, carrying out 100 imputations with 10 cycles for each imputation, which generated 100 complete data sets. We analyzed these 100 data sets following the standard combination rules for multiple imputations (25) . Our applied multiple imputation models are described in Web Table 2 .
Further analyses and sensitivity analyses
Additional exposure window period. We estimated exposure for the period ranging from 3 months prior to ROM to the date of ROM (hereafter referred to as last-3-months exposure) in order to explore the impact of short-term exposure to air pollution on preterm PROM. We utilized a matched casecontrol design identical to that of the main analyses by randomly matching 5 controls to each case and assessing exposure for controls during the 3 months prior to the ROM date of the case to which they were matched. The associations were expressed for a 1-IQR increase in exposure estimates for this exposure window.
Gestational age as a continuous outcome variable. From the hospital records, we extracted information on gestational age (days) at the date of ROM for all registered eligible births (n = 5,555). We applied gestational age at the date of ROM as a continuous outcome variable to develop linear regression models using sets of exposures and covariates similar to those of the main analysis. We report the change in gestational age at the date of ROM (days) associated with a 1-IQR increase in exposure to each pollutant separately for exposure during the entire pregnancy and exposure during the last 3 months prior to ROM.
Cohort analysis. To explore the impact of differences in the length of exposure between women with and without preterm PROM on estimates of the association between air pollution and preterm PROM, we used a cohort study design by including all 5,555 births in the analyses and truncating exposure at the date of ROM for each woman. We applied ordinary logistic regression models to estimate the risk of preterm PROM associated with an IQR increase in exposure to each pollutant during the entire pregnancy in this data set.
RESULTS
Study population
Of 5,555 singleton births with spontaneous onset of labor that were registered in the cohort during the course of the study, 69 (1.2%) were affected by preterm PROM. Among these cases of preterm PROM, 51 (73.9%) resulted in preterm birth, accounting for 22.3% of all preterm births (n = 229) occurring in the cohort. The median gestational age at delivery (35.0 weeks) and birth weight (2,205 g) for subjects with preterm PROM were significantly lower than those for subjects without preterm PROM (40.3 weeks and 3,280 g) among all registered births (Mann-Whitney U test: P < 0.01). Table 1 presents descriptive statistics for the characteristics of all registered births (n = 5,555) included in the cohort analyses, as well as those (n = 414) included in the matched casecontrol analyses.
Exposure assessment
Web Table 3 presents summary statistics for the exposure estimates for each pollutant and the correlation between these exposures for all registered births, as well as study subjects included in matched case-control analyses. The pollutant exposure levels were weakly to strongly correlated, with absolute Spearman's correlation coefficients (ρ) ranging between 0.02 (nitrogen dioxide-PM 2.5-10 ) and 0.91 (nitrogen oxides-PM 2.5 absorbance).
Main analyses
An IQR increase in exposure to nitrogen dioxide, exposure to nitrogen oxides, and PM 2.5 absorbance during the entire pregnancy was associated with 42% (95% confidence interval (CI): 1, 101), 37% (95% CI: 3, 82), and 50% (95% CI: 4, 116) increases in the risk of preterm PROM, respectively (Table 2) . For PM 2.5 and PM 10 , we also observed increased risk of preterm PROM, but the lower bounds of the 95% confidence intervals included 1 ( Table 2) .
Further analyses and sensitivity analyses
Additional exposure window period. The patterns and directions of association for the analyses of exposure during the last 3 months before ROM were consistent with those of the main analyses based on the entire pregnancy period; however, the associations were generally weaker than those of the main analyses (Table 2) . One-IQR increases in exposure to nitrogen dioxide and nitrogen oxides during the last 3 months prior to ROM were associated with 47% (95% CI: 3, 111) and 39% (95% CI: −1, 94) increases in the risk of preterm PROM, respectively (Table 2) .
Gestational age as a continuous outcome variable. The directions of associations between air pollutants and gestational age at ROM were generally in line with those of air pollution-preterm PROM associations (Table 2) . One-IQR increases in PM 2.5 absorbance and nitrogen oxide exposure during the entire pregnancy and nitrogen dioxide and nitrogen oxide exposure during the last 3 months prior to ROM were associated with less than a 1-day decrease in gestational age at ROM (Table 2 ). Exposure to PM 2.5 absorbance during the last 3 months prior to ROM was associated with a 1.3-day reduction in gestational age at ROM (Table 2) .
Cohort analysis. The results of cohort analyses for entirepregnancy exposure were consistent with those of the main analysis in terms of the pattern and direction of associations; however, associations were generally weaker in the cohort analyses than in the main analyses, and for pregnancy exposures to nitrogen dioxide and nitrogen oxides, the 95% confidence interval included 1 (Table 3 ). An IQR increase in PM 2.5 absorbance during the entire pregnancy was associated with a 47% (95% CI: 8, 100) increase in the risk of preterm PROM (Table 3) .
DISCUSSION
To the best of our knowledge, this is the first study to report on the association between maternal exposure to air pollution and preterm PROM. This study benefited from data from an established hospital cohort of 5,555 pregnant women residing in Barcelona City (2002) (2003) (2004) (2005) , together with a LURbased spatiotemporal exposure assessment framework capable of predicting pollutant levels at the geocoded home address of each study subject for each week of her pregnancy. We found increased risk of preterm PROM and reduced gestational age at ROM in association with PM 2.5 absorbance, nitrogen dioxide exposure, and nitrogen oxide exposure during the entire pregnancy and the last 3 months prior to ROM. The findings for preterm PROM were consistent in case-control and cohort analyses. The 1.2% prevalence of preterm PROM in our study sample is consistent with available literature reporting that preterm PROM occurs in 1%-3% of pregnancies (1-3).
Approximately 22% of preterm births in our data set were accompanied by preterm PROM, which is in line with available reports suggesting that preterm PROM is responsible for up to one-third of preterm births (1-3). We found an increased risk of preterm PROM in association with PM 2.5 absorbance, nitrogen dioxide exposure, and nitrogen oxide exposure. There was a notable difference between unadjusted and adjusted risk estimates for these pollutants that was primarily due to adjustment for the MEDEA index of neighborhood socioeconomic status. After limiting the study participants to those without any missing data (complete-case analysis), the associations remained consistent with those of the main analysis based on multiple imputation data sets. However, the 95% confidence intervals of the estimates were wider, and for entire-pregnancy PM 2.5 absorbance and the last 3 months of exposure to nitrogen oxides, they included 1.
Since there has been no previous study on the impact of air pollution on preterm PROM, it is not possible to compare our findings with those of other studies; however, considering that preterm PROM is the leading identifiable predisposing factor for preterm birth (1-3), our findings are in line with a recently published systematic review and meta-analysis of Abbreviations: CI, confidence interval; IQR, interquartile range; OR, odds ratio; PM 2.5 , particulate matter with an aerodynamic diameter less than or equal to 2.5 µm; PM 2.5-10 , particulate matter with aerodynamic diameters between 2.5 µm and 10 µm; PM 10 , particulate matter with an aerodynamic diameter less than or equal to 10 µm; PROM, premature rupture of membranes; ROM, rupture of membranes.
a Adjusted for neighborhood socioeconomic status, race/ethnicity, educational level, age, history of preterm birth, smoking, alcohol consumption, history of obstetrical-gynecological pathology, booking body mass index, diabetes, parity, amniocentesis, season of conception, and year of conception.
available literature on the impact of air pollution on pregnancy outcomes (7) showing an increased risk (though not statistically significant) of preterm birth associated with exposure to PM 2.5 and nitrogen dioxide. Because of the high correlation between levels of PM 2.5 absorbance, nitrogen dioxide exposure, and nitrogen oxide exposure (Spearman's ρ's between 0.87 and 0.91), it was not possible to determine the independent impact of one or the other (i.e., whether exposure to any of these pollutants is a surrogate for exposure to other pollutants). However, our observed associations between these pollutants, which are mostly traffic-related, and preterm PROM and gestational age at ROM could suggest a potentially critical contribution of vehicular traffic to such associations. This contribution is in line with our observed increased risk of preterm PROM in association with PM 2.5 absorbance but not PM 2.5 exposure itself. PM 2.5 absorbance is considered a marker of exposure to diesel soot, and it has a stronger correlation with traffic-based variables than does PM 2.5 (26) . This is particularly relevant in Barcelona, where about 50% of vehicles are diesel-powered. Yorifuji et al.'s (12) recent finding of a 2-fold increase (odds ratio = 1.9, 95% CI: 1.3, 2.8) in the risk of preterm birth with preterm PROM associated with living within 200 m of a major road is also suggestive of a contribution of trafficrelated pollutants to the association between air pollution and preterm PROM. This contribution remains an open question to be evaluated in future studies, using techniques like source apportionment.
Consistent with the associations we found between PM 2.5 absorbance, nitrogen dioxide exposure, and nitrogen oxide exposure and preterm PROM, we observed a slight decrease in gestational age at ROM in association with exposure to these pollutants. Although these reductions in gestational age were mostly less than 1 day and might not be clinically important at an individual level, they could result in a notable population attributable risk, considering the ubiquitous nature of this exposure. Our observed reduction in gestational age at ROM associated with air pollution also supports our findings regarding the association between particulate pollutants and the risk of preterm PROM.
For exposure during the last 3 months prior to ROM, the pattern of associations was similar to that of exposure during the entire pregnancy; however, the associations for the last-3-month exposures were generally weaker than those for the entire-pregnancy exposures, with a marginally statistically significant association for nitrogen oxides and a statistically nonsignificant association for PM 2.5 absorbance. Taking these together, our findings are not suggestive of a critical role for short-term exposure in the association between air pollution and preterm PROM.
We explored the effects of potential bias due to differences in length of exposure between women with and without preterm PROM on estimation of the association between air pollution and preterm PROM by using a cohort design. The cohort design that has been widely used in studies of the impact of air pollution on pregnancy outcomes does not address the differences in durations of exposure during the entire pregnancy or the third trimester between subjects who have different pregnancy lengths, particularly when the adverse outcome of interest is reduction in gestational age at delivery or preterm birth (22) . Our observed associations in the cohort analysis were consistent with those of matched case-control analyses, but they were generally weaker, and for exposures to nitrogen dioxide and nitrogen oxides the associations lost their statistical significance, suggesting that in our setting the difference in length of exposure could have biased the estimates towards the null.
The etiology of preterm PROM is not fully understood, but it is assumed to be multifactorial (3) . In addition to increasing physical stresses that weaken the membranes, biochemical processes, including reduced collagen synthesis, transformed collagen structure, and accelerated collagen degradation within the extracellular matrix of amniotic and chorionic membranes, as well as programmed death of cells (apoptosis) in the fetal membranes, have also been proposed to play key roles in the pathogenesis of PROM (3, 10, 11) . Animal studies have linked exposure to particulate air pollution to cell apoptosis in the placenta and embryo (8, 27) . Furthermore, exposure to air pollution has been demonstrated to result in oxidative stress among pregnant women (28) . More specifically, exposure to nitrogen dioxide (29) and particulate air pollution (30) has been shown to induce production of reactive oxygen species. Reactive oxygen species, in turn, have been reported to induce PROM by damaging the collagen contents of membranes (31) (32) (33) . These mechanisms could, at least partly, explain our observed increased risk of preterm PROM associated with exposure to air pollutants. Similarly, exposure to tobacco smoke has been linked to oxidative stress and apoptosis in fetal membranes (34) . Tobacco smoke exposure is an established risk factor for preterm PROM (3, 5) . Our study faced some limitations. Our exposure assessment was based on the address of residence at the time of delivery, which could have overlooked possible maternal residential mobility during pregnancy. In a study of 4 Spanish birth cohorts during 2003-2008, Estarlich et al. (35) reported a mobility rate between 1% and 6%. Furthermore, our spatial exposure component was estimated for [2008] [2009] , while health data were from the period 2001-2005. The temporal adjustment of LUR spatial estimates of pollutant levels assumed that the city's spatial surface and the spatial distribution of pollutants remained constant over the study period. Studies in Italy, Great Britain, the Netherlands, and Canada have documented stability of the spatial contrast over a 10-year period (36) (37) (38) (39) . Additionally, we used ambient pollutant levels at the maternal address of residence as a surrogate for personal exposure. These limitations might have resulted in exposure misclassification. Further to these, our findings were based on a relatively small number of preterm PROM cases (n = 69), and therefore they require further confirmation in future studies. However, the consistency of our findings for gestational age at ROM based on all 5,555 study subjects with those for preterm PROM could give us more confidence in the associations we observed for preterm PROM.
We studied the impact of exposure to PM 2.5 , PM 2.5-10 , PM 10 , nitrogen oxides, and nitrogen dioxide and PM 2.5 absorbance on the occurrence of preterm PROM and gestational age at ROM. Our study showed some evidence for an increased risk of preterm PROM and a small decrease in gestational age at ROM associated with PM 2.5 absorbance and exposure to nitrogen dioxide and nitrogen oxides. These findings could provide researchers with new insight into the impact of air pollution exposure on adverse pregnancy outcomes. Our findings, if confirmed in future studies, could also be of public health interest, considering the serious complications associated with preterm PROM. For future studies, we recommend evaluating the possible associations between preterm PROM and other pollutants like ozone and carbon monoxide, as well as different sources of particulate pollution. We also recommend evaluation of a possible modifying effect of antioxidant use on the association between air pollution and preterm PROM, since use of antioxidants during pregnancy has been suggested to reduce the risk of preterm PROM (31, 32) .
